Introduction
============

Colorectal cancer is the third most commonly diagnosed cancer in males and the second in females,[@b1-dddt-10-2855] with more than 1.4 million new cases and 694,000 deaths in 2012.[@b2-dddt-10-2855] It was estimated that colorectal cancer is one of the four most frequently diagnosed types of cancer and continued to be the most common causes of cancer death in 2014.[@b3-dddt-10-2855] 5-Fluorouracil (5FU) is one of the main chemotherapeutic agents used in the clinic for the treatment of colon rectal cancer.[@b4-dddt-10-2855] Due to its low lipophilicity (log*P*, −0.83), 5FU shows poor oral bioavailability.[@b5-dddt-10-2855],[@b6-dddt-10-2855] For intravenous administration, a high dose of 5FU is required because of its rapid clearance from plasma (a mean half-life of ∼16 minutes).[@b7-dddt-10-2855],[@b8-dddt-10-2855] High dose of 5FU is often accompanied by severe toxic effects in gastrointestinal, hematological, neural, cardiac, or dermatological systems.[@b9-dddt-10-2855],[@b10-dddt-10-2855] Intravenous administration of 5FU also causes physical and psychic pain, as well as hypertrophy or atrophy at the subcutaneous injection site. Therefore, finding an alternative delivery form is desirable in hoping to improve the current chemothrapeutic regimen.[@b11-dddt-10-2855]

Delivering 5FU directly to the rectal site is considered a promising approach to reduce systemic side effects and provide effective tumor diffusion.[@b12-dddt-10-2855],[@b13-dddt-10-2855] Numerous studies have shown that the colon suppository administration of 5FU appeared to be efficient and showed pharmacokinetics similar to that of intravenous administration, but with decreased systemic side effects and increased rectal tissue drug concentration.[@b14-dddt-10-2855]--[@b19-dddt-10-2855] Some animal studies demonstrated that administration of 5FU emulsion in the rectal mucous improved drug accumulation in regional lymph nodes, suggesting that 5FU emulsion therapy might be of potential in treating lymph node metastasis from rectal cancer.[@b20-dddt-10-2855],[@b21-dddt-10-2855] However, the solid form, ie, suppositories, was confined to limited drug contact area with the lesion and poor drug permeability crossing rectal mucous membrane. Other disadvantages of 5FU suppositories include anal pain, tenesmus, anal bleeding, reddened mucous, and histological changes coinciding with acute colitis.[@b15-dddt-10-2855],[@b22-dddt-10-2855] In addition, rectal administration of liquid forms often causes anal leakage, leading to inadequate dosing.[@b13-dddt-10-2855]

The aim of this study was to develop an effective rectal delivery system of 5FU by simultaneously employing nanotechnology and thermosensitive gel technique,[@b23-dddt-10-2855]--[@b25-dddt-10-2855] in which the microemulsion might improve drug permeation, sustain drug release, and reduce drug mucosal irritation.[@b26-dddt-10-2855]--[@b29-dddt-10-2855] We assume that loading the 5FU microemulsion in the thermosensitive gel might improve its stability, tissue deposition, and patient compliance.[@b30-dddt-10-2855]--[@b33-dddt-10-2855] To the best of our knowledge, this is the first attempt to combine the two technologies for rectal drug delivery. Indeed, thermosensitive gel-mediated 5FU water-in-oil microemulsion (TG-5FU-ME) sustained the drug release, increased the drug permeation, improved the drug stability, elevated the drug deposition in disease tissue, and meliorated the use convenience. Animal experiments exhibited that TG-5FU-ME group had significantly high drug levels in the rectal tissue and mesenteric lymph nodes, while it had low drug levels in the blood system with no detectable morphological damage to rectal tissue. The results suggest that TG-5FU-ME is a promising rectal drug delivery system in treating rectal cancer.

Materials and methods
=====================

Materials
---------

5FU was purchased from Xing Galaxy Chemical Company (Hubei, People's Republic of China). Poloxamers were gifted from BASF (Ludwigshafen, Germany), and sodium alginate was supplied by Huzhou Zhanwang Pharmaceutical Co., Ltd (Zhejiang, People's Republic of China). Tween 80 and Span 80 were supplied by Huamei Co., Ltd (Beijing, People's Republic of China). Soybean oil was supplied by Sigma-Aldrich Co. (St Louis, MO, USA). All other reagents were at analytical grade and used without further purification.

Methods
-------

### Preparation and characterization of 5FU microemulsion

#### Preparation of 5FU microemulsion

As described in previous reports,[@b26-dddt-10-2855],[@b27-dddt-10-2855],[@b29-dddt-10-2855] 5FU water-in-oil microemulsion was prepared by gradually adding 33 mL of drug--water solution into 33 mL oil phase containing liquid soybean oil, Span 80, Tween 80, and propylene glycol (21:5:1:6) under continuous stirring at 2,000 rpm for 10 minutes at 40°C.

#### Characterization of 5FU microemulsion

Morphology test: A drop of drug-loaded sample was placed on a copper grid, and the excess was removed with filter paper. Phosphotungstic acid was applied for several minutes as a negative stain. The solution that overflowed was cleared and dried in the air. The grid was examined under a transmission electron microscope (Hitachi H-7650; Hitachi Ltd., Tokyo, Japan).

Particle size, polydispersity index, viscosity, and zeta potential test: The viscosity of each of the drug-loaded sample was tested using a DV-E Viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA), and the particle size, polydispersity index, and zeta potential of each of the drug-loaded sample were estimated using a Mastersizer (NICOMP™ 380 ZLS; Malvern, Santa Barbara, CA, USA) after dilution with filtered oil. The samples were diluted five times to keep the intensity between 300 kHz and 350 kHz, and the scattering angle was 173.

Entrapment efficiency test: Entrapment efficiency was determined by dialysis. Drug-loaded sample was added to a dialysis bag MD34 (MWCO 7,000; Viskase Co., Darien, IL, USA) and dialyzed for 24 hours at 4°C. The concentrations of the drugs in the dialysis fluid were analyzed using high-performance liquid chromatography (HPLC) with the mobile phase of acetonitrile--water (95:5, pH 3.5) and a flow rate of 1 mL min^−1^. The standard curve, *A*=59.957*X*+10.373 (*r*=0.9992), was plotted with a peak area of 5FU as ordinate against its concentration as abscissa. The linear range was 0.1--20 µg mL^−1^; the recovery rate was 99.2%; the relative standard deviation (RSD) detected at 0 hour, 4 hours, 12 hours, and 24 hours was 2.1%; and the RSD of six repetitions was 2.2% by detecting 5FU peak area. The entrapment efficiency was calculated as follows: $$\text{EE} = 100 - C$$where *C* is the amount of drug in the dialysis fluid expressed as a percentage.

### Preparation and physicochemical properties of TG-5FU-ME

#### Preparation of TG-5FU-ME

Appropriate quantities of P407, P188, and sodium alginate were added to the deionized water and mixed. The liquid was placed at 4°C until a clear solution was obtained. The microemulsion formulation was mixed with thermosensitive gel under mechanical stirring at 4°C for 30 minutes at 700 rpm followed by increasing the temperature slowly to ambient temperature.

#### Physicochemical properties of TG-5FU-ME

Measurement of gelation temperature: The measurement of gelation temperature was detected as described earlier.[@b28-dddt-10-2855]--[@b32-dddt-10-2855] In brief, a 20 mL transparent beaker containing a magnetic bar and 10 g liquid gel was placed in a low-temperature thermostat water bath. The liquid gel was then heated at a constant rate while stirring. When the stirring magnet was arrested due to gelation, the temperature displayed on the thermistor was identified as the gelation temperature.

Measurement of gel strength: As described by Klimaszewsk, et al.,[@b34-dddt-10-2855] CT3 Texture Analyzer (Brookfield Engineering Laboratories, Inc.) was used to test the gel strength. Samples were prepared in 25×150 mm culture tubes until the liquid almost reached the top of the tube and equilibrated at 25°C±1°C for 24 hours. The gel strength was tested with a 4 mm-diameter stainless steel cylinder probe, with the trigger force fixed at 4 g, the test distance depth at 2 mm, and the test speed at 1 mm s^−1^. The gel strength was represented as the maximum peak force. For each sample, three replicates from different tubes were measured.

Measurement of coverage area: The coverage area was measured using the method described in our previous report.[@b13-dddt-10-2855] In brief, a section of tissue was taken from the rabbit rectum and secured with the mucosal side facing out on a glass plate and storing at 36.5°C. Liquid gel (1 mL) was administered to the surface of the rabbit rectum, spreading freely until a gel film formed, and the area of the gel coverage was calculated.

Measurement of bioadhesive force: The bioadhesive force was determined using the method described by Koffi et al[@b35-dddt-10-2855] with little modification. Briefly, the ample gel was placed in contact with a fragment of rabbit rectal mucosa of certain surface area under thermostated conditions, and then adhesive joint between the two surfaces was formed. The gel strength was recorded as the maximal detachment force. A mucosal fragment (the surface area was determined by the measurement of coverage described earlier) was placed at the surface of a metallic plot with a rubber band, and this metallic plot was fastened to the mobile traverse of CT3 Texture Analyzer. A hollow plastic support (10 mm in depth) was filled with a preset amount of 3 g of the sample and was immobilized in a beaker filled with 300 mL of water (37°C), which was immobilized in the texture analyzer apparatus. The whole system was placed in such a position that a perfect contact could be created between the surface of the gel and the mucous membrane. After being contacted for 10 minutes under an initial contact strength (0.5 N), the two surfaces were separated at a constant rate of displacement. The strength was recorded as the maximal detachment force, *F*~max~.

### Formulation stability test

Three batches of 5FU microemulsion and TG-5FU-ME were stored in sealed glass containers under the temperature of 20°C±1°C for 4 months. The stability was detected periodically by visual appearance, microscopy, and 5FU content.

The appearances of 5FU microemulsion and TG-5FU-ME were examined for layering, creaming, coalescence, phase separation, or precipitation. The 5FU microemulsion samples were examined at 0 hour, 24 hours, 72 hours, and 1 week, and TG-5FU-ME samples were tested in fresh as well as at 1 month, 2 months, 3 months, and 4 months after preparation. Each visual examination was accompanied with microscopic test for droplet structure change, merging, or rupturing using the OLYMPUS-B201/IX2-sp (1,000×; Olympus, Tokyo, Japan). The drug content of 5FU microemulsion or TG-5FU-ME was extracted by 2 mol L^−1^ hydrochloride and analyzed by HPLC (as discussed in the "Entrapment efficiency test" section).

### In vitro drug release

The in vitro release of 5FU was determined by dynamic dialysis. A certain amount of 5FU microemulsion or TG-5FU-ME was transferred to prepare dialysis channels, which were placed in a conical flask filled with 100 mL of phosphate buffer solution (pH 8.0) and magnetically stirred at 37°C at 150 rpm. Two milliliter sample was taken at 0.5 hours, l hour, 1.5 hours, 2 hours, 3 hours, 4 hours, 6 hours, 8 hours, 10 hours, 12 hours, and 14 hours, and the same volume of phosphate buffer solution was added into the flask simultaneously. The concentration of dialyzed drug was determined using HPLC, as mentioned earlier, to calculate the cumulative dissolution. The control samples for the experiment were the 5FU in water solution as well as the 5FU thermosensitive gel. The blank microemulsion and gel presented in the experimental system had no effect on the 5FU content measurement.

### Trans Caco-2 cell test

As described earlier,[@b34-dddt-10-2855],[@b35-dddt-10-2855] Caco-2 cell lines obtained from the Institute of Biochemistry and Cell Biology (Shanghai, People's Republic of China) were grown at 37°C in an atmosphere of 5% CO~2~ and 90% relative humidity in 25 cm^2^ culture dish with standard growth media of Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 4.5 g/L glucose, 2 mmol/L [l]{.smallcaps}-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were seeded at a density of 6.25×10^4^ cells/cm^2^ onto 12-well transwell culture plates coated with polycarbonate filters with a pore size of 0.4 µm and an area of 1.13 cm^2^ (Corning Incorporated, Corning, NY, USA). Growth media were added to the apical (AP) side and basolateral (BL) side. The medium was changed every other day. Cells were grown 21--28 days prior to use. The tightness of the cell monolayer was evaluated through the determination of trans-epithelial electrical resistance (TEER), which was measured using a Millicell-ERS Resistance Instrument (EMD Millipore, Billerica, MA, USA), and the permeation ratio of ^14^C mannitol was determined using a liquid scintillation counter (Wallac MicroBeta TriLux; Wallac, Turku, Finland) during the transport experiment. The cell monolayer was applied for transport experiments once the TEER was \>600 Ω/cm^2^.

Confluent cultures of Caco-2 cell monolayers (cultured for ∼21 days) in Hank's buffered salt solution (HBSS) were precultured at 37°C for 20 minutes in an incubator. After removing the buffer solution, the cell monolayers were washed three times with HBSS. The experiments were performed at 37°C for 150 minutes from the AP to BL (A→B) or the BL to AP (B→A) directions. The donor chambers were filled with 1.5 mL of a sample solution containing 5FU (200 µM), and the receiver compartments were filled with 2.6 mL of blank HBSS, respectively. Samples were taken at receiver side (100 µL) at different time points (30 minutes, 60 minutes, 90 minutes, 120 minutes, and 150 minutes), and the same volume of fresh HBSS was added immediately. At the end of the transport study, cells were recovered and washed three times with 2 mL of ice-cold HBSS; 800 µL of NaOH (0.2 N) was then added to lyse the cells, and the sample was back neutralized by adding 200 µL of HCl (0.8 N). The amount of drug accumulated in the cell was evaluated. Each treatment was accomplished with 3--5 wells, and the experiments were conducted in duplicate. The 5FU content was determined as described earlier. The apparent permeability coefficient (*P*~app~, cm/s) for 5FU was calculated according to the following equation: $$P_{\text{app}} = \left( \frac{1}{AC_{0}} \right)\left( \frac{dQ}{dt} \right)$$where d*Q*/d*t* is the amount of drug accumulated in the receiver side during the interval time; *A* is the surface area of the transwell membrane (1.13 cm^2^), and *C*~0~ is the original donor concentration of 5FU.

### Measurement of rectal retention time

The method described by Choi et al[@b30-dddt-10-2855] was adopted for this study with slight modification. Male BALB/c mice (∼20 g) were fasted and allowed free access to water for 24 hours prior to the experiments. 5FU microemulsion and TG5-FU-ME with 0.1% Cy7NHS ester (Seebio Biotech Co., Ltd., Shanghai, People's Republic of China) in the water phase were administered (20 mg kg^−1^of 5FU) into the rectum 0.5 cm above the anus using a stomach probe needle. The formulations retained in the rectum were detected after administration using small animal imaging technology.

### 5FU distribution in vivo

As described in other reports,[@b17-dddt-10-2855],[@b23-dddt-10-2855],[@b24-dddt-10-2855] male Sprague Dawley rats (∼300 g) were used for this study. A total of 58 rats were randomly divided into three groups (20, 18, and 20), fasted, and allowed free access to water for 24 hours prior to drug administration. 5FU microemulsion, TG-5FU-ME, and 5FU thermosensitive gel (30 mg kg^−1^of 5FU) were administered into the rectum using a stomach sonde needle fit into a plastic syringe. The 5FU dose used in the test was approximately three times higher than that of the human dose (10 mg kg^−1^).

The method of Galandiuk et al[@b16-dddt-10-2855] was used in this investigation. At 0.5 hours, 1 hour, 3 hours, 6 hours, 9 hours, and 12 hours after drug administration, three animals from each group were anesthetized. Cardiac puncture was performed to collect systemic blood, and the rats were sacrificed with exsanguinations. Rectal tissues and regional lymph nodes were harvested to determine the 5FU tissue concentrations. Serum and tissue samples were stored at −70°C until analysis. All the surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize the suffering.

The tissue and plasma samples were treated as described in our previous work.[@b13-dddt-10-2855] Briefly, the tissue sample was mashed and ground into a homogenate by adding 2 mL of distilled water. After standing for 30 minutes, the precipitate was removed by centrifugation, washed, and filtered with 0.4 mL purified water three times. Subsequently, 1 mL of 0.5 mol L^−1^ ammonium sulfate was added to precipitate proteins. 5FU in the supernatant was extracted with addition of ethyl acetate for three times with 0.5 mL of ethyl acetate each. The solution was vortexed for 0.5 minutes each time after ethyl acetate was added. The ethyl acetate layer was collected and centrifuged at 4,000 rpm for 5 minutes. The plasma samples were treated with protein precipitation and drug extraction. An accurately measured 1 mL sample of supernatant was removed and added into an Eppendorf tube, followed by dryness over nitrogen gas in a water bath at 40°C. Then, the residue was dissolved in 100 µL of the mobile phase, 20 µL of which was measured accurately for 5FU concentration by HPLC (as discussed in the "Entrapment efficiency test" section).

### Rectal irritation

Immediately after the last sampling, two animals from the TG-5FU-ME or 5FU thermosensitive gel group were collected, respectively. The rectum was isolated, washed with saline solution, fixed in 10% neutral carbonate-buffered formaldehyde, embedded in paraffin, and cut into slices. The tissues were stained with hematoxylin--eosin and examined under light microscopy.

All animal studies were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee of the Ethics of Animal Experiments of the Chinese Academy of Medical Sciences and Peking Union Medical College.

### Statistics

The data were analyzed using the SPSS (11.5) software (SPSS Inc., Chicago, IL, USA). After validation of the test for homogeneity of variance, differences between or among study groups were examined by Student's *t*-test or by one-way analysis of variance followed by the Newman--Keuls test for multiple comparisons. The *P*-value \<0.05 was considered statistically significant.

Results and discussion
======================

Evaluation of 5FU microemulsion
-------------------------------

All the 5FU microemulsion vesicles were in round shape and free of aggregation, as assessed by the transmission electron microscope ([Figure 1](#f1-dddt-10-2855){ref-type="fig"}). Sample characteristics are given in [Table 1](#t1-dddt-10-2855){ref-type="table"}. The average size of 5FU microemulsion was 2.43±0.49 µm, with a narrow size distribution. Zeta potential value was +1.06±0.11. Encapsulation efficiency was 80.11%±0.58%.

Physicochemical properties of TG-5FU-ME
---------------------------------------

The physicochemical properties of drug-free thermosensitive gel and TG-5FU-ME, such as gel temperature, gel strength, coverage area, and bioadhesive force, are shown in [Table 2](#t2-dddt-10-2855){ref-type="table"}. Addition of 5FU microemulsion into the thermosensitive gel decreased the gelling temperature from 54.5°C to 19.2°C, and reduced the coverage area from 1.42 cm^2^/mL to 0.81 cm^2^/mL. However, the bioadhesive force and gel strength of thermosensitive gel were dramatically increased from 1.47 N to 4.18 N and 11.21 g to 30.14 g, respectively. The TG-5FU-ME was designed for gelling at ambient temperature, turning into liquid form within 10 minutes below 10°C and returning to gel form at body temperature. Most likely, after applying as liquid forms to the rectum, a layer of gel containing 5FU microemulsion forms and spreads broadly on rectal mucous membrane, with reasonable gel strength and bioadhesive force, which might benefit the tissue deposition of drug and improve the patient compliance.

Formulation stability study
---------------------------

The results of naked eye evaluation, microscopic examination, and 5FU content test of 5FU microemulsion and TG-5FU-ME are shown in [Figures 2](#f2-dddt-10-2855){ref-type="fig"} and [3](#f3-dddt-10-2855){ref-type="fig"}, as well as in [Tables 3](#t3-dddt-10-2855){ref-type="table"} and [4](#t4-dddt-10-2855){ref-type="table"}. The 5FU microemulsion was unstable under the temperature of 20°C±1°C, with layer occurring in 24 hours after preparation, and the oil precipitation took place in 1 week ([Figure 2A--D](#f2-dddt-10-2855){ref-type="fig"}). Microscopically, the droplet of microemulsion began to merge in 24 hours and became large bulbs in 1 week ([Figure 2E--H](#f2-dddt-10-2855){ref-type="fig"}) with the disappearance of the microemulsion droplet structure. In contrast, TG-5FU-ME was remarkably stable for the period of study (4 months) at ambient temperature. This system gelled at room temperature ([Figure 3A--E](#f3-dddt-10-2855){ref-type="fig"}) and turned into liquid form ([Figure 3A](#f3-dddt-10-2855){ref-type="fig"}′--E′) within 10 minutes when the temperature was below 10°C. The sign of instability, such as layering, creaming, coalescence, phase separation, and precipitation, was not detected; significant morphological changes were detected negative as well ([Figure 3F--J](#f3-dddt-10-2855){ref-type="fig"}). The 5FU content did not change during the storage time in both the 5FU microemulsion and TG5-FU-ME. A heating--cooling cycle test was also conducted, and the results were in consistent with that of the formulation stability study (data not shown). The improved stability of this system might be related to the protective effect of the gel in its action against droplet merge and phase transfer of the 5FU microemulsion.

In vitro release
----------------

The in vitro release profiles of the different formulations are shown in [Figure 4](#f4-dddt-10-2855){ref-type="fig"}. The 5FU solution was completely released within 30 minutes, and 5FU thermosensitive gel released within 2 hours. The 5FU microemulsion prolonged the release to 8 hours, and TG-5FU-ME increased the releasing time to 10 hours.

It has been proven that microemulsion system possesses sustained drug release property due to the resistance rendered by the oil phase which blocks the diffusion of the drug from inner phase into the release medium.[@b27-dddt-10-2855] Furthermore, studies demonstrate that the drug release from thermosensitive gels follows the Higuchi square root law, and the diffusion coefficient of the drug in the gel declines with increasing levels of both poloxamers and bioadhesive material and is consistent with a consequent increase in bulk viscosity and gel rigidity.[@b36-dddt-10-2855]--[@b39-dddt-10-2855] We assume that when the microemulsion system was entrapped in the thermosensitive gel, both of those systems would influence the releasing character of the drug. Further studies are needed to clarify the releasing properties and mechanisms of the microemulsion entrapped thermosensitive gel system.

Trans Caco-2 cell test
----------------------

TEER measurements and mannitol transport were used to test cellular integrity. The results showed that there was no significant variation in the TEER values for all the samples in the test, and the average transport of mannitol (0.91±0.06×10^−6^ cm/s) did not vary significantly after exposure to 5FU thermosensitive gel (0.88±0.03×10^−6^ cm/s), 5FU microemulsion (0.92±0.05×10^−6^ cm/s), and TG-5FU-ME (0.94±0.07×10^−6^ cm/s), indicating that the cell monolayers remained intact after treatment.

The apparent permeability coefficient (*P*~app~) evaluates the velocity of a drug crossing the cell monolayer.[@b40-dddt-10-2855] As shown in [Figure 5](#f5-dddt-10-2855){ref-type="fig"}, for 5FU thermosensitive gel, 5FU microemulsion, or TG-5FU-ME, the amount of 5FU transported from A→B or from B→A across the Caco-2 monolayer was in an identical pattern, which was proportional to time in 150 minutes, with no significant difference of the *P*~app~ value between the A→B and B→A. The *P*~app~ values of 5FU microemulsion and TG-5FU-ME were 1.24×10^−5^ cm/s and 1.25×10^−5^ cm/s, respectively, approximately six times higher than that of 5FU thermosensitive gel (1.99×10^−6^ cm/s; as shown in [Figure 6](#f6-dddt-10-2855){ref-type="fig"}). Furthermore, in the A→B direction, 5FU intracellular accumulation of the 5FU microemulsion and TG-5FU-ME was 17.45% and 18.41% of the given amount, respectively, which were greater than that of the 5FU thermosensitive gel (3.41%; as shown in [Figure 7](#f7-dddt-10-2855){ref-type="fig"}). As the cell monolayers remained intact after treatment as described earlier, the increased intracellular accumulation and transportation of 5FU for 5FU microemulsion or TG-5FU-ME appeared to be attributable to the improved lipophilicity of the formulation.

5FU is a hydrophilic drug and crosses the rectal epithelium primarily via passive transport through the water-filled pores. Tight junction between cells greatly restricts the transport and consequently reduces the absorption of drug. The introduction of a microemulsion system increased the lipophilicity of the formulation which facilitated passive diffusion or/and clathrin-mediated endocytosis.[@b41-dddt-10-2855]

Measurement of rectal retention time
------------------------------------

5FU microemulsion and TG-5FU-ME with 0.1%Cy7NHS ester added in the water phase were administered (20 mg kg^−1^ of 5FU) into the rectum of mouse 0.5 cm above the anus using a stomach probe needle. As shown in [Figure 8](#f8-dddt-10-2855){ref-type="fig"}, the 5FU microemulsion flew out within 10 minutes after administration, while TG-5FU-ME sustained at the applied site for \>5 hours. This phenomenon suggested that the bioadhesive force and gel strength of TG-5FU-ME were sufficient to hold the formulation in the rectum for a time period much longer than that of the microemulsion.

5FU distribution in vivo
------------------------

As compared to the 5FU thermosensitive gel group, the 5FU concentration in rectal tissue was significantly higher in the TG-5FU-ME group after 3 hours than that in the 5FU thermosensitive gel group ([Figure 9A](#f9-dddt-10-2855){ref-type="fig"}; *P*\<0.05). This result is consistent with that achieved in the Caco-2 transport study ([Figure 7](#f7-dddt-10-2855){ref-type="fig"}) and in vitro release study ([Figure 4](#f4-dddt-10-2855){ref-type="fig"}), and could be explained by the sustained drug release, increased rectal mucous membrane permeation, and enhanced intracellular uptake in TG-5FU-ME treatment. In the regional lymph nodes, the 5FU concentration in the TG-5FU-ME group and 5FU microemulsion group was found to be significantly higher ([Figure 9](#f9-dddt-10-2855){ref-type="fig"}) than that in the 5FU thermosensitive gel group (*P*\<0.05 for both), which agrees with the results of other researchers.[@b17-dddt-10-2855] It is worthy to note that the high rectal and regional lymph node concentrations lasted for up to 9 hours after TG-5FU-ME administration, whereas in the 5FU microemulsion group drug concentrations remained high only for 2 hours. TG-5FU-ME seemed to acquire the advantage of both the 5FU microemulsion and 5FU thermosensitive gel, showing an increased transportation and rectal retention time. Blood level of 5FU in the 5FU microemulsion group as well as the TG-5FU-ME group was low and showed no significant difference from that of the 5FU thermosensitive gel group (*P*\>0.05 for both), suggesting a reduced chance of causing side effect.

Rectal irritation
-----------------

Rectal tissue morphological test showed that neither 5FU thermosensitive gel nor TG-5FU-ME caused irritation or damage on rectal tissues during the treatment course ([Figure 10](#f10-dddt-10-2855){ref-type="fig"}). This is at least partially due to their good spreading property, which leads to a relatively low drug concentration per unit square of the rectal mucous membrane. In addition, the encapsulation of the drug in the emulsion minimized the direct contact of the drug with the rectal mucous.

Conclusion
==========

The TG-5FU-ME formulation was designed to improve the in situ delivery of 5FU for the treatment of colon cancer. In this study, we showed that the microemulsion facilitated 5FU transportation into target tissue and the thermosensitive gel increased the stability of the 5FU microemulsion as well as the retention time in rectal membrane. The formulation is in a free-flowing liquid form when the temperature is below 10°C. After applying to the rectum, a gel layer containing 5FU microemulsion forms and spreads broadly on rectal mucous membrane with appropriate gel strength and bioadhesive force, which could improve the patient's compliance and ameliorate their alienation. For chemotherapy, this formulation might be able to efficiently prolong the drug's rectal retention time, enlarge the drug's contact area with diseased tissue, and improve the drug's permeability. With regard to safety concern, it could reduce the direct contact of the drug with the rectum site. Our study validated the advantages of this formulation, and therefore, TG-5FU-ME could be considered a promising rectal delivery system for the treatment of rectal cancer. Furthermore, this dosage form would be a promising alternative applied in other mucosal drug delivery systems such as ocular, nasal, buccal, and vaginal.
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![5FU microemulsion image in TEM.\
**Note:** The 5FU microemulsion particles were visualized under TEM for morphological feature and size distribution (×6,000).\
**Abbreviations:** 5FU, 5-fluorouracil; TEM, transmission electron microscopy.](dddt-10-2855Fig1){#f1-dddt-10-2855}

![Appearance of 5FU microemulsion.\
**Notes:** 5FU microemulsion stored at 20°C±1°C was examined right after the preparation (**A**, **E**), as well as after storage for 24 hours (**B**, **F**), 72 hours (**C**, **G**), and 1 week (**D**, **H**). (**A**--**D**) Naked eye examination; (**E**--**H**) microscopic examination.\
**Abbreviation:** 5FU, 5-fluorouracil.](dddt-10-2855Fig2){#f2-dddt-10-2855}

![Appearances of TG-5FU-ME.\
**Notes:** Freshly prepared TG-5FU-ME samples were placed at 20°C±1°C for 0 hour (**A**, **A′**, **F**), 1 month (**B**, **B′**, **G**), 2 months (**C**, **C′**, **H**), 3 months (**D**, **D′**, **I**), and 4 months (**E**, **E′**, **J**), followed by naked eye and microscopic examination. (**A**--**E**) Naked eye examination for the solid form of TG-5FU-ME at RT; (**A′**--**E′**) naked eye examination for the liquid form sample at temperature below 10°C; (**F**--**J**) microscopic examination. 1000× magnification.\
**Abbreviations:** RT, room temperature; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion.](dddt-10-2855Fig3){#f3-dddt-10-2855}

![Release profiles of 5FU formulations in vitro.\
**Notes:** Release features of 5FU in 5FU solution, 5FU thermosensitive gel, 5FU microemulsion, and TG-5FU-ME were measured in a dynamic dialysis assay.\
**Abbreviations:** 5FU, 5-fluorouracil; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion.](dddt-10-2855Fig4){#f4-dddt-10-2855}

![AP to BL (A→B) and BL to AP (B→A) transport of 5FU.\
**Notes:** Experiments were performed at 37°C for 150 minutes for both directions. The donor chambers were filled with 1.5 mL of a sample solution containing 5FU (200 µM; mean ± SD, n=3). A represents 5FU solution; B represents 5FU micro emulsion; C represents TG-5FU-ME.\
**Abbreviations:** AP, apical; BL, basolateral; 5FU, 5-fluorouracil; SD, standard deviation.](dddt-10-2855Fig5){#f5-dddt-10-2855}

![Formulation change affects transportation efficacy of 5FU crossing the Caco-2 cell monolayers.\
**Notes:** The donor chambers were filled with 1.5 mL of a sample solution containing 5FU (200 µM), and the receiver compartments were filled with 2.6 mL of blank HBSS. Samples were taken at receiver side. The determination of 5FU in transport buffer was carried out by HPLC. The apparent permeability coefficient (*P*~app~; cm/s) for 5FU was calculated according to the equation: *P*~app~= (1/*AC*~0~) (d*Q*/d*t*; mean ± SD, n=3).\
**Abbreviations:** 5FU, 5-fluorouracil; HBSS, Hank's buffered salt solution; HPLC, high-performance liquid chromatography; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; SD, standard deviation.](dddt-10-2855Fig6){#f6-dddt-10-2855}

![Absorption of 5FU in vitro.\
**Notes:** Caco-2 cells were exposed to 5FU thermosensitive gel, 5FU microemulsion, or TG-5FU-ME (containing 5FU, 200 µM). The percentage of 5FU in AP and BL media and cell monolayer was determined in 2.5 hours (mean ± SD, n=3).\
**Abbreviations:** AP, apical; BL, basolateral; 5FU, 5-fluorouracil; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; SD, standard deviation.](dddt-10-2855Fig7){#f7-dddt-10-2855}

![Rectal retention time.\
**Notes:** 5FU microemulsion and TG-5FU-ME with 0.1%Cy7NHS ester were administered into the rectum, 0.5 cm above the anus using a stomach probe needle. (**A**--**C**) 5FU microemulsion (2 minutes, 5 minutes, 10 minutes after administration); (**D**--**F**) TG-5FU-ME (2 minutes, 2 hours, 5 hours after administration).\
**Abbreviations:** 5FU, 5-fluorouracil; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; cpx, count per second.](dddt-10-2855Fig8){#f8-dddt-10-2855}

![Tissue distribution of 5FU.\
**Notes:** 5FU concentrations in rectal tissue (**A**), regional lymph node (**B**), and systemic blood (**C**) after rectal route administration of 20 mg kg^−1^ TG-5FU-ME (Image), 5FU microemulsion (Image), or 5FU thermosensitive gel (Image). \**P*\<0.05 (TG-5FU-ME vs thermosensitive gel; mean ± SD, n=3).\
**Abbreviations:** 5FU, 5-fluorouracil; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; SD, standard deviation.](dddt-10-2855Fig9){#f9-dddt-10-2855}

![The morphology of rectal tissues after exposure to 5FU thermosensitive gel and TG-5FU-ME.\
**Notes:** The rat's rectal tissue was taken 12 hours after TG-5FU-ME (**A**) and 5FU thermosensitive gel (**B**) administration (20 mg kg^−1^ of 5FU) through rectal route. Tissue slides were examined with H&E staining (×200).\
**Abbreviations:** 5FU, 5-fluorouracil; H&E, hematoxylin and eosin; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion.](dddt-10-2855Fig10){#f10-dddt-10-2855}

###### 

Characteristics of 5FU microemulsion

  Mean diameter (µm)   Viscosity (cP)   Variance (PDI)   Drug content (% w/v)   Encapsulation efficiency (%)   Zeta potential
  -------------------- ---------------- ---------------- ---------------------- ------------------------------ ----------------
  2.12±0.33            9.11±1.03        0.21±0.011       4.07±0.12              84.23±0.62                     +2.01±0.11

**Note:** Values are presented as mean ± SD of three independent experiments.

**Abbreviations:** 5FU, 5-fluorouracil; PDI, polydispersity index; SD, standard deviation.

###### 

Physicochemical properties of the drug-free thermosensitive gel and TG-5FU-ME

  Samples               Gel temperature (°C)   Gel strength (g)   Coverage area (cm^2^/mL)   Bioadhesive force (N)
  --------------------- ---------------------- ------------------ -------------------------- -----------------------
  Thermosensitive gel   54.5±2.7               11.21±2.27         1.42±0.13                  1.14±0.13
  TG-5FU-ME             19.2±1.2               30.14±2.54         0.81±0.11                  4.18±0.37

**Note:** Values are presented as mean ± SD of three independent experiments.

**Abbreviations:** TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; SD, standard deviation.

###### 

Stability of 5FU microemulsion

  Examination items      Freshly prepared                                        24 hours      72 hours     1 week
  ---------------------- ------------------------------------------------------- ------------- ------------ -----------------------------
  Diameters (µm)         2.67±0.31[a](#tfn5-dddt-10-2855){ref-type="table-fn"}   10.22±1.27    20.14±1.73   ND
  In visual appearance   Homogeneous                                             Layering      Layering     Layering, oil precipitation
  5FU content (%)        99.24±1.31                                              101.04±2.21   99.27±1.54   100.68±1.17

**Note:**

Values are presented as mean ± SD of three independent experiments.

**Abbreviations:** 5FU, 5-fluorouracil; ND, not detectable; SD, standard deviation.

###### 

Stability of TG-5FU-ME

  Examination items      Freshly prepared                                        1 month       2 months      3 months      4 months
  ---------------------- ------------------------------------------------------- ------------- ------------- ------------- -------------
  Diameters (µm)         2.51±0.49[a](#tfn7-dddt-10-2855){ref-type="table-fn"}   2.56±0.60     2.61±0.37     2.73±0.73     2.67±0.57
  In visual appearance   Homogeneous                                             Homogeneous   Homogeneous   Homogeneous   Homogeneous
  5FU content (%)        101.35±1.11                                             99.24±2.04    98.91±2.34    99.69±1.08    99.83±2.04

**Note:**

Values are presented as mean ± SD of three independent experiments.

**Abbreviations:** 5FU, 5-fluorouracil; TG-5FU-ME, thermosensitive gel-mediated 5FU water-in-oil microemulsion; SD, standard deviation.
